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T h i s  paper   presents   the  resul ts  or a n  inves t i -  
ga t ion   t o   de t e rmine   t he   f eas ib i l i t y  of re inforcing - 
a fJ.exible  transparent matr:ix with  high-strength 
f i laments   in  a r ec t angu la r   g r id   pa t t e rn   t o  form a 
f l e x i b l e  windov f o r  use i n  a manned expandable  space . 
st ructure .   Experimental   resul ts  of t h e   e f f e c t  of 
the  space  environment on o p t i c a l  and  mechanical 
propert ies  of the  candidate  matrix,  reinforcement, 
and  composite materials are given. Two c o ~ c e p t s  
fo r   a t t ach ing  the .window as a n  i n t e g r a l   p a r t  of an 
expandable  structure  are  presented. 
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INTRODUCTION 

. To date,  a l l  spacec ra f t   fo r  manned space   f l igh t  have  contained windows. 
yi.!cse  windows have  proven  extremely  useful i n  conducting  photographic-type 
~~:pcI-iments and in   p rov id ing   t he   capab i l i t y   fo r   v i sua l   ho r i zon   and   r e l a t ive  
spa<c-cra-ft  referencing. Advanced appl icat ions of expandable space s t r u c t u r e s  
such as those shown j.n f i g u r e  1 a l s o  finci it extrc~nely  desirable   to   provide 
;inclo:ss f o r  v i s u z l  observations.  A f l e x i b l e  window i n -  the  expandable  lunar 

s h ~ I . t c r ( ~ )  would allow  observation  of  shelter  support  equipment and lunar 
cxperinents  and would take  advantage  of  external  i l lumination  for  l ighting. 
A winchi; i n  a large  expandable  experiment module would be useful   in   viewing 

c:.:t;ernsl phenomena. A window i n  the  expandable  airlock( 2 )  would permit  obser- 
vr t ion of space  experiments  located  externally wit!lout requir ing  extravehicular  
a c t i v i t y  (EVA)  and would provide  the means f o r  i n i t i a l  o r ien ta t ion  and ref'er- 
cncing f o r  ENA. Also  the  psychological.  aspecf;s of a window i n  a manned space 
structure  should  not  be  overlooked. The purpose  of t h i s   i nves t iga t ion  was t o  
dctcrtnine i f  a f l e x i b l e  window compatible  with  the  space  environnent cou1.d be 
dcvcloped f o r  such  applications.  

Exis t ing  f lexible   t ransparent   polymeric   mater ia ls  do not  possess s u f f i -  
ci.cn-1; s t rength   to   res i s t   the   p ressure   loads   deve loped   in  a nanned spacecraf t  
s t r u c t u r e .  The approach  taken to   nee t   t h i s   h igh - s t r eng th   s t ruc tu ra l   r equ i r e -  
sent; for t h e   f l e x i b l e  window i s  i l l u s t r a t e d   i n   f i g u r e  2. Basical ly  a rectan- 
gular g r i d  network  of g i r t h  and ax ia l   f i l aments  was embedded i n  a f l e x i b l e  
transparent  matrix,  thus  forming a f lexible   biaxial ly   high-strength  conposi te  
n!c?,terial. Rectangular  space  areas  between  filament  groups were r e q u i r e d   t o  
permit l igh t   t ransmiss ion  and  viewing, as i n  a common  window screen. The 
g i r th- to-ax ia l - s t rength   ra t io  was taken   to   be  2:l; t h e   s t r e s s   r a t i o  developed 
i n  a pressure-loaded  cylinder.   Guidelines  for  the window were t h a t  it be 
capable  of  carrying a load  of 840 l b / i n .  (147,000 N/m) i n   t h e   g i r t h   d i r e c -  
t i o n  and t h a t   t h e  window display good opt ical   propert ies   under  a '[-psi 
('18,300 I\i/m2) p ressure   d i f fe ren t ia l .   In   addi t ion ,   the   mat r ix  was required 
t o  be capable  of  carrying  the  pressure  loading  within  each  grid  without 

"blowout" up t o  a p res su re   d i f f e ren t i a l   o f  35 p s i  (241,000 N/m2). 

The investigation  a2proach  taken was, f i rs t ,  to   s c reen   ( i nc lud ing  simu- 
lated  space  environment  testing)  available  transparent  polymers  and  reinforce- 
ment ma te r i a l s   fo r   su i t ab le  materials; second, to   paramet r ica l ly   eva lua te   the  
reinforcement  pattern;  third,   to  develop a n  end attachment  concept;  and, last ,  
to t e s t  t h e  resul t ing  conposi te  materials and  attachnents. The r e s u l t s  of 
t h i s  invest iget ion b r i l l  now be  described. 

-rc 
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Matrix 

Following a survey  of ava.ilab1.e  tl-ans;pal.eni. Ir;atcyjals, (3) t h e   o p t i c a l  
and  mechan3.cal proper t ies  of four  ecllerjcal]y c) j rferent t ~ ~ e s  of f l e x i b l e  
transparcnt pol.ymc1-s were evaluated. yncse incluc1ed.: (1) ethylenep~opylenc, 
( 2 )  polyurethane, ( 5 )  siI.iconc,  and (1;) polyisopyene. These materials  were 
e i ther  c a s t  or  molded j.n sheets against ferro-t>1)e p k t e s  (1/2 rms f i n i s h )  i n  
thicknesses  of  approximate1.y 0.030 inch ( 0  .o762 em) ~ 0 .oh0 inch (0.152 em), 
and 0.120 inch (0.305 em).  Transparency  apd  strength data for   sanples  of  each 
of the   four  polymers a re   g iven   in   t ab le  1. The ethylenc-pl-opyle!le copo3.yr;l.e~ 
and pol.yisoprene  materials were both  cotxidered t o  be  unsat isfactoly  for   the - 

. app1.i c a t j  on due t o   t h e i r   i n i t i a t i o n  of CraZing, em5rii t lenent,  and reduced 
transparency  after  heat  exposure of 1009 C Tor 7 days. Heat exposue  also 
darkened the  polyester  urethane and very s l i gh t   c r az ing  was noticed after 
1.0 days of ultraviolet   radiatj .on  exposure i n  a fadometer (kS!i!M procedure 
D-730-5>T) with  output  strengLh  of 3.15 watts/d of  wavelength  bel OW 4000 A .  
The s i l i c o n e  polymer exhibited  excel.lent  resistance t o  both  heat and u l t r a -  
violet   exposure.  The strength  at   100-percent  elongation and at break  both 
before   and  af ter   heat ,  vacuum, or  ul. '~raviolet  exposure i s  a l s o  shown i n  t a b l e  1. 
Since   these   t es t s  were of  an  exploratory  natw-e,   insufficient numbers of t e s t s  
were conducted t o   g i v e   s - t a t i s t i c a l   s i g n i f i c a n c e   t o  t h e  differences  noted. 
Apparently, however, t h e  stren{.;.';h of t h e  polyester  urethane and s i l icone  poly-  
mers was not  appreciably  changed by the  environmental tes t  conditions 
considered. 

Figure 3 presents   data   for   the  percent  of incident l i g h t  t ransmit ted by 
samples of dimethyl RTV s i l i c o n e  and polyester  urethane  corresponding  to wave- 
lengths  ranging from 2400 A t o  l50,OOO A.  Thicknessess   for   the  s i l icone and 
urethane were 0.111 inch (0.282 cm) and 0 .O73 inch (0.19 cm) , respect ively.  

0 0 
Of p a r t i c u l a r   i n t e r e s t  is t h e   v i s i b l e  spectrum  ranging  from 4000 A t o  7000 A. 
It is  noted  that   the   s i l icone  t ransmit ted  approximately 93 percent  of  the  inci-  
dent  light  throughout  this  range  while  the  urethane was e s s e n t i a l l y  opaque at 
4000 A and  increased t o  approxlmately 88 percent a t  7000 A. Window anomalies 
a re   no ted   in   the   u l t rav io le t  and infrared  regions.  

0 0 

0 0 

Additional  information  generated  in  the  study showed t h e   e f f e c t  of thick-  
ness on the  percent  l ight  transmission  through  the  visible  spectrum  for  the 
s i l i c o n e  t o  be  negl igible   for   the  range  of   thicknesses   tes ted (0.037 inch 
(0.094 cm) t o  0.171 inch (0.435 cm) ) . This was not   t rue ,  however, f o r   t h e  

urethane which, f o r  example, a t  a wavelength of 5750 A showed a decrease from 

f r o i n  2.948 inch (0.122 cm) t o  0.133 inch (0.338 cm) . 

0 

: 84-percent t o  71-percent  transmission  corresponding t o  an  increase  in  thicknc-ss 

Tne effect   of  heat  exposure (100' C f o r  7 days) on the  percent inti-dent 
l i gh t   t r ansmi t t ed  by  the  si l icone  through  the  visible  spectrum was found t o  
be ins igni f icant .  Heat exposure, however, exhib'ited a notab le   e f fec t  on t h i s  
property fo r  the  polyurethane,  with a more pronounced effect   occurr ing at t h e  
blue  end  of  the  spectrum t h a n  at the   red .   For   exaple ,  a 0.133-inch- (0.3% C:::) 
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i 
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t h i c k  sample of  urethane  transwitted 3> percent of the incident  light of 
h2110 A before  heat exposure and orlly 1. percent a f t e r  exyosw-e. Ai; -(OOO A, 
83 percent was t ransmit ted  before  and 79 percent  after  heat  exposure.  The 
c f fec t  of the  ul.traviol.et  radiation  exposure  (previously  clescribed) on the 
percent   inc ident   l igh t   t ransmi l tcd  i n  t h e   v i s i b l ~ c  spectrtun vas dctermj.ned t o  
be i n s i g n i f i c a n t   f o r  boLh the   s i l i cone  a n d  the  urethane. 

0 0 

It should  be  pointed  out that the   op t ica l .   c la r i ty  one obtains   in   looking 
through a wj.nc1oi.I i s  not  only  dependent on the  amount of l i g h t  which i s  t r a n s -  
mitted, but i s  also  inf luenced by the  degree  of  resol.ution  provided by t h e  
vindow. The preceding  discmsion  has dealt only vith the  amount of l i g h t  
t r a x m i t - k d  by t h e  matrix R a t e r i a l .  The second  consideration,  resolution, will 
I)? taken up i n  a la ter   discussion  involving human fac tors   eva lua t ions  of re in-  
forced  pressure-loaded windows. 

The a b i l i t y   o f  the matrix material t o  r e s i s t  beEdin6 zrd  repeated  folding 
dux.:; nc packaging i s  of extreme  importance f o r  a f l e x i b l e  windov coacep'i. To 
c!ctemfnc t h e   a b i l i t y  of t h e  matrix materials t o  meet t h i s  requiren!ent, a f lex-  
oxctex. ins t rmlent ,   the   essent ia l  elements of which are described i n  table 2, 
W : I S  used.  Both the  polyester  urethane and the dimethyl R 'N s i l icone  success-  
I W l y  coclp!.eted 3I+g,OOO f lex   cyc les   wi thout   fa i lure .  It should  be  pointed  out, 
however, t h a t  one disadvantage  of   using  s i l icone  for   the window appl icat ion i s  
i t s  notch s e n s i t i v i t y  and corresponding low t ea r   r e s j s t ance .   Ure tham,  on t h e  
other  hand, i s  quite  tough  and resistant t o  tea.r  propagation.  Study is cur- 
rently  under tray t o  inves t iga t e   t he   poss ib i l i t y  of  laminating  the  tvo materials 
i n  order t o  combine the   des i r ab le   p rope r t i e s  of both  mater ia ls .  

Reinforcement  Material 

Three  di-fferent  candidate window reinforcement  materials were evaluated 
incl.uding glass, s t e e l ,  and polyester  filaments. Each reinforcement  material 
was embedded i n  s i l i c o n e  tes t  samples 1 inch  (2.54 crz) wide as uniformly 
spaced  uniaxial   strands.  The t e s t  samples  were 5 inches (12.7 cm) long and 
were prepared so t ha t   t he   cen te r  3 inc3es (7.63 cm) of t h e  sample f i l m e n t s  
were embedded i n  dimethyl RTV s i l icone  while  1 inch  (2.34 cm) a t  each  end 
was "pl.otted"  into  an epoxy  impregnated  glass  cloth. The t ens i l e   s t r eng th  of 
the  candidate  reinforcement materials was then measured before and a f t e r   h e a t  
exposure (looo C f o r  7 days)  using  the  above-described  test  specimen i n  a con- 
s tant  s t r a i n   r a t e   t e s t  machine with a crosshead  separation rate of 2 inches 
(5.08 cm) per  minEte.   Results  of  these  tests  are shoim i n  tab1.e 3. 

O f  the   f iberglass   mater ia ls   evaluated,  t h e  S-901 glass  (S-glass  with l"S 
f i n i s h )  gave the   h ighes t   u l t imate   t ens i le   s t rength  (5.3 l b  (23.6 N) per  end).  
The 0.010-inch- (0.0251: cm) diameter  polyester  f i lament gave a t ens i l e   s t r eng th  
of 6.9 l b  (31.7 IT) per  filament  and  the  0.00h-inch- (0.0102 cm) dizmeter 
s t e e l  wire gave a t e n s i l e   s t r e n g t h  of 6.3 Yo (28.0 N) per  wire. The e f f e c t  
of heat  exposure (1000 C f o r  7 days) is noted in   the  r ight-hand coltunn of 
t a b l e  3 .  A s  expected,   s ignif icant   dif ferences i n  t e n s i l e   s t r e n g t h  from ullex- 
posed  samples  were not  obtained  for  the  glass  reinforcement.  However, poly- 
e s t e r   r e in fo rced  tes t  samples d i s t o r t e d  and wrinkled  badly  after  heat  exposure 
due t o  shrinkage of the  reinforcement. It was a l s o  found  necessary,  using  the 
po lyes t e r ,   t o  f i l l  a lmost   the   en t i re  window viewing f ie ld   wi th   f i l aments  i n  
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For design  purposes,  the  reinforcement  material was considered t o   c a r r y  
a] 1 thc g i r t h  and a x i a l  I.oads. However, as noted  earl.ier,  .the  matrix wits 
required t o  r e s j  st blowout  within  the  reinf'orcement  grid.  For  calculation 
purposes, the design  strength of t h e  S-901 f iberg lass  2nd s t ee l   w i re  was con- 
sidcrcil t o  be 6.0 lb (26.7 N )  per  end (wi.re) . This  then  required 140 f i l a -  . 
ments  (wires)  per  inch (2.3h cm) t o  meet the  840-lb/in.  (147 ,OOO N/n) 
strcIlgth  requirement  in  the  girth  direction a n 6  70 filaments (wires)  per  inch 
(2.3b cm) t o  meet the  420-lb/in.  (73 , 500 N / m )  s t rength requj.rement i n   t h e  
wLj a1 d i rec t ion .  

Various  spacings of f i laments were evaluated i n  th i s   s tudy   to   de te rmine  
t h e   e f f e c t  of spacing on op t i ca l   r e so lu t ion   bo th   fo r  a nonstressed  and  pressure- 
I.oa(led condition.  Reinforcement  pattern  propertj .es  for 15 di f fe ren t   pane ls  
are shown i n   t a b l e  4 .  These  panels  included  specimens whose reinforcement 
filaments were uniformly  spaced as i n  panel number 1 where, f o r  example, a 
bundle  of 110 ends was spaced  every  0.23-inch (0.635 cm) i n   t h e   g i r t h   d i r e c -  
t ion ;  and panels  such as nunber 3 whose bulk  of  filaments was bundled i n  one 
uniformly  spaced  group  with  additional  filaments  uniformly  spaced  in  between. 

Thicknesses and weights   for  some of   these  panels   are   a lso  given  in   table  4. 
It i s  bel ieved  that   these  thicknesses  and weights  can  be  reduced,  although it 
apsears   tha t  a thickness of approximate1.y 0.123 inch (0.3OlC cm) is necessary 
i n  order  to  insure  complete  coverage  of  the  reinforcement  filaments by t h e  
transparent  matrix  material .  If f i l amen t s   a r e   ca s t   t oo   c lose   t o   t he   su r f ace ,  
loca l   s t ress - induced   sur face   s t ra in ing   se r ious ly   a f fec ts   reso lu t ion  
c h a r a c t e r i s t i c s .  

To measure the   op t i ca l   c l a r i t y   ob ta inab le   w i th  nonloaded  reinforced  panels, 
photographs  were  taken  of a tes t  char t   wi th   the   t es t   pane l   loca ted  between the  
camera  and the  tes t  char t .  The tes t  panel was located 1 foot  (0.305 m )  from 
the  canera  lens  and 5 f e e t  (1.27 m )  from the  28-inch (0.711 x) x 36-inch 
(0.91 m )  t es t  panel. Some of the  photographs  result ing from t h i s  experiment 
are shown i n   f i g u r e  4 .  Lighting  and  development  conditions were i d e n t i c a l   f o r  
a l l  photographs.  Test  panels  are shown below the  corresponding  photogsaph. 
For  reference,  the  photograph  in  the  upper  left-h&d  corner w a s  taken  without 
any intervening tes t  sample. The middle two photographs  of  the  top row were 



talrcn with unreinforced  dimethyl RTV s i l i c o n e  a!Id polyester  urethane,  respec- 
t i v e l y ,  as t h e  tes t  panels.  All the   re inforced specinlens shown arc composed 
of  f iberglass  reinforceaent embedded in a sil icone  matrix  with  the  exception 
-of the panel in the  upper  right-hand  corrxr which uses steel reinforce~nent 
r a t h e r  t h a n  glass. 

The data.  from  lighl;  trans!nission t e s t s  conducted on the  reinforced  panels 
revealed that the  presence of t h e   f i l a m n t s  reduced  the  percent of incidcnt  
l igh t   t ransmi t ted  by approximately  thc  percent of projected area taken up  by 
the fila!t!cnts (from 10 t o  30 percent  depending on t h e   p a t t e r n  and  wavelength). 
I t  should  be  pointed  out  tha-t  the  -optical  resolution  obtained by hman  viewing 
i s  normally  superior t o   t h a t   o b t a i n a b l e  in photographs.  This, of course, i s  
because  of  the  superiority  of  the human eye  and  because of unco!lscious body 
movements which 211.0~ one t o  shi.!'.t viewing  angles  sl ightly t o  colfipensate f o r  
'view blockage  caused by the  f i lament   pat tern.  

' To measure the  resolution  obtainable  under I.oaded conditions,  the tes t  
jmncls werc pressure  loaded t o  7 p s i  (48,300 N/m2) and a hunan fac tors   eva l -  
uation rntx.de. The indlividual making the  evaluat ion viewed t h e   t e s t   c h a r t ,  
located 6 fee t   (1 .32  m )  beyond t h e  window, - through  the  pressure- loaded  tes t  
panel and made a comparative  judgment  based on the c r i t e r i a   s e t   f o r t h   i n   t a b l e  5 .  
Iksul.ts for. t h e  f i rs t  f ive   pane ls  shown i n   t a b l e  11 are  given i n  tab1.e 6. For 
comparison, a r a t i n g  of  1.0 w&s obta ined   for   the   th ree  main poj   nts   (bl .urr iness ,  
a b i l i t y   t o   f o c u s ,  and r e a d a b i l i t y )   f o r  a t e s t  conducted  without  intervening 
panel. The smallest l e g i b l e   p r i n t   s i z e  which i s  readable  looking  through t h e  
panels is also  given.  Of these   f ive   pane ls ,  number 4 gave t h e   b e s t   r e s u l t s .  

AT'JIAC€iMENT DESIGN 

The window geometry  chosen for   the  a t tachment   s tudy w 8 s  a n  e l l i p s e  whose 
major  and  minor axes were 11.4 inches (0.289 m )  and 8.0 inches (0.203 m ) ,  
respect ively.  TWO systems  were  developed f o r   a t t a c h i n g   t h e   f l e x i b l e  window 
element t o  a f lexible   expandable   s t ructure .  The essence  of  these two- concepts 
(adhesive  bonding  and  mechanical  clamping) i s  shown i n  a cross-sectionzl  drawing 
i n  f igure  3 .  

Since  the  re inforcement   f i laments   carry  the  pr incipal   s t resses ,   the   a t tach-  
ment approach  involved  anchoring  the  filaments  around  the  periphery of the  win- 
dow t o  meet the  "pull-out " strength  requirement,   thereby  transferring  the window 
s t r e s ses   i n to   t he   f l ex ib l e   s t ruc tu re .   Tes t s   conduc ted  on f iberglass   rovings 
embedded i n  a s i l i c o n e  matrix showed t h e   s i l i c o n e   t o   p o s s e s s   i n s u f f i c i e n t  
s t rength   for   th i s   purpose .  It w a s  thus  found  necessary to   t e rmina te   t he   r e in -  
forcement  Pil.aments i n  a stronger,   higher modulus mater ia l .  A n i t r i l e  polymer 
anchor  flange  approximately 2 inches (5.08 em) wide .was found  sat isfactory 
fo r   t h i s   pu rpose .  Two f i b e r g l a s s   d o i l i e s ,  wound t o   t h e   e l l i p t i c a l  shape of 
t h e   n i t r i l e   f l a n g e ,  were adhered to   bo th   f aces   o f   t he   n i t r i l e   anchor   f l ange  
for  reinforcement.  

The s i l i c o n e - n i t r i l e   f l a n g e   b u t t   j o i n t  was found t o  form an  inadequate 
joint   for   gas   seal ing  purposes .   Therefore ,  a sea l   cons i s t ing  of a 0.013-inch 
(0.038 cm) n i t r i l e   s h e e t  was bonded to both  sides  of  the  attachment  in  the 



j o in t   i n t e r f ace   r eg ion .  It was fowuld necessary,  ilowvc.r, t o  provicie a : ~  urlbc~l-,ci._.~:, 

region on the  r~itrj .1.e sea l  a t  the s i l i c o r l e - n i t r i l e  flange i n t e r f a c e  in order 
t o  prevent   s t ress   concentrat ion  induced  fa i lures   in   the  s i l icone.  T h i s  condi- 
t i o n  was i.nsurcc1 by the  jncorporation or a n  unhonded. E.Qlrzr r i n z  i n   t h i s   r e g i o n .  

Si l icone polymer  bonds poor1.y to most adhesi.\;es other t.lJaj1 those wi th  
si l icone  base.   Expcrjnental   investigaLions showcd a, combination of s i l i cone  
adhesivc A-11000 and  an  epoxy-based  ailhcsive 9'13 t o  be sa t i s fac tory  f o r  bondinz 
the s i l i c o n e   m a t r i x   t o  the n i t r i l e   r u b b e r .  

For  the  adhesively  attached  vindov, the a t t a c h x n t  t o  the f l e x i b l e  s t r u c -  
t u r e  vas achieved by a n i t r i l e  cement bond betxeen  the  anchor  flange  and  the 
f l ex ib l e   s t ruc tu re .   Fo r   t he  mechanical attachment;, it was deve1.opcl.d by a pa i r  
of r i g i d  meta.1 rings  contoured t o  the   cy l indr ica l   curva ture  oi' the window and 
fastened  together  by a uniforrily  spaced  array  of  bolts. 

The processes  involved i n  fabrica.t ing a window and i t s  attachnient  are 
shown i n   f i g u r e  6. F i r s t  , t he   f i be rg la s s   f i l anen t s   a r e   l a id  up i n  a p r e d e k r -  . 
m i  ned pa-'itern on a frane-mold  toolinz  f ixture  and a nitri1.e  flange i s  placed 
b e n e a t h   t h e   f i b e r g l a s s   r e j n f o ~ ~ e n ~ e n t .  The glass  rovings are then  coated with 
n i t r i l e  cement i n  the  f lange  region. The top   ha l f  of the  n i t r i l e  flange i s  
then placed  over   the  f iberglass  and t h e   e n t i r e  systern inc luding   f ix ture  is 
placed  in  a press  and cured a t  1540 C f o r  1 hour at a pressure Of 100 p s i  
(689,000 N / m 2 ) .  After  the  system i s  removed from the   p ress ,  the s i l i c o n e  
matrix i s  slowly c a s t   i n  t h e  e l l i p t i c a l   s e c t i o n  of the  window a n d  allovcd to 
cure ai; rooni temperature   for  12 hours. The n i t r i l e   f l a n g e  i s  then  trimqed  and 
the   g lass   rov ings   cu t  from the  frame. The fiberglass  ends are t h e n   t i e d   i n  
knots  and brush  coated in   place  with a n i t r i l e  cement. The Mylar r ing  i s  placed 
i n  the   a reas  where  nonadhesion i s  desired  (not  shown) and t h e   n i t r i l e   s e a l  is 
bonded in to   p lace .  

TEST RESULTS 

Permeability 

S ince   t he   f l ex ib l e  window w i l l  be  used as a pressure   re ta iner ,   the  perme- 
a b i l i t y  of t h e  composite materials i s  of interest .  Permeabili ty  data  for  r ' ive 
s i l i cone   f iberg lass   re inforced   pane ls  and for   unre inforced   s i l i cone  and  poly- 
urethane are shown i n   t a b l e  7. The permeability of the   nonreinforced  s i l icone 
and f iberg lass   re inforced   s i l i cone   pane ls  i s  of t h e  same magnitude,  indicating 
that   the   re in€orcement   had  negl igible   effect  on permeability-.  Heat  exposure 
(looo C f o r  7 days) it w i l l  be  noted  did  not  apparently  affect   the  permeabili ty 
of t h e  two polymers. For comparati.ve  purposes,  Mylar,  one  of t h e   b e t t e r  low- 
permeabili ty  materials,   has a permeabili ty  to  pure  helium  of 0.0722 cc(STP)/ 

cm2-mm-day-atmosphere. ( 4 )  This i s  t.w orders  of magnitude  lower  than  the s i l i -  
cone. Even so, however, the   s i l i cone   permeabi l i ty  would probably  be  tolerable 
f o r  space window appl ica t ion .  However, i f  the  composite  material  were  used 
f o r   l a r g e   s e c t i o n s  of a spacecraft   with a long-duration  mission, a composite 
with  lower  permeability wou1.d be desirable .  A rei'nforced window with a lami- 
nated matrix using  consti tuent materials such as s i l i c o n e  and  Mylar would prob- 
ably reduce  the  permeabili ty.  



I Attaclment  Study 

Optical  human facLors   t e s t s  vcre conducted on rc inforcexent   pa t te rn   pmels  
nurhcrs 6,  9, and 15; prcv:i.ousl.y descr:ibcd. The results o f   t hese   t e s t s   a r e  
shown j n t a b l e  6 f o r  the  panels  pressure  loaded a t  7 p s i  (48,900 I\!/m2). 

A s  a f inal  tes t ,  conducted t o   e v a l u a t e  t h e  f l -exible  window while  focusing 
a t t e n t i o n  on more closely  s3.mulating  the  real .   structural   applicatlon  edge con- 
d i t i o n s ,  a € lex ib le  vindow was adhesively  attached as a n  integral .   par t  of a n  
&inch- (45.8 cm) d iameter   f lex ib le   f iberg lass   f i l ament  wound chamber. The 
chamber with a n  e l l i p t i c a l  shaped,  reinforced  cut-out i s  shown in f igure  8 
along with an enlarged  photograph of the  window and  flange. 

The first fl.exible chanl'oer and windov constructed were pressurized t o  
f a i l u r e .  Leakage  developed a t  t h e  window-flange i n t e r f a c e  a t  a pressure of 
65 p s i  (hh8,OOO N/m2) which i n  an  38-i.nch- (45.8-cn1) diamter  cylinder i s  
equ iva len t   t o  a s t r e s s  of 583 l b / i n .  (1023 N/cm) i n  the  g i r t h   d i r e c t i o n .  

A fo ld ing  tes t  j.n which the  window was b e n t   t o  a radius  of 1.5 inch 
(3.81 cn) i s  shown i n  f i g u r e  9. After  25 cycles of folding,  the  chaxber was 
p res su r i zed   t o  21 p s i  ( l l t 5 ,OOO  N/m2)  wi thout   fa i lure .  

Figure 10 shows t h e   f l e x i b l e  window and  chamber vhi le   pressurized a t  7 p s i  
(1t8,300 N/m2).  The l e t t e r s  of t he   cha r t  which reads "FLEXIBLE iII\JDOW STUDY" 
were 1 inch (2.54 cm) high  and  the  chart  was loca ted   ins ide   the  chamber 
approximately 18 inches (115.7 cm) from t h e  windov. The camera lens  was 
located 5 f e e t  (1.27 m )  from  the'window. An i n t e rna l   l i gh t   sou rce  was 
used t o  illuminate t h e   t e s t   c h a r t ,  

The r e s u l t s   o f   t h i s   i n v e s t i g a t i o n   i n d i c a t e   t h a t  a f l e x i b l e  window i s  
feas ib le   for   expandable   s t ruc tures   appl ica t ion .  A f l e x i b l e  \rindow composed of 
a composi te   mater ia l   of   s teel   or   f iberglass   re inforcement  embedded i n  a trans- 
parent   s i l icone  rubber   matr ix  shows particular  promise.   Simulated  space  envi- 
ronment experiments  conducted on f l e x i b l e  window elements  have shown no ser ious 
degradat ion  effects  on the  mechanical  and  optical  properties  of  the  composite, . 



and good op t i ca l   r e so lu t ion  was observe6  under a 7-pst- ()+8,300 1t/m2) p r e s swe  
d i f f e r e n t i a l .  ExisLing systems fo r   a t t ach ing   t he  f lexible  vindow in to   an  
expnndablc  sLl-ucture a re   i n su f f i c i en t   t o   deve lop   t he  f u l l  s t r u c t u r a l   c a p a b i l i t y  
of the conlposite vindov n:s-terial 2nd improved a t t sc lm~nt   concepts  should be 
developed. 
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TABLE 1. - FLFXIBLF TR4NSPAREKT POLWB PROPERTIES 

I r 2 e a k  Transparency 100 percent  elon&ion 

Ul t r av io l e t  

10 days 
exposure 

U l t r e v i o l e t  

10 deys 
e-osure 7 days - 100' c 

Heat exposure 
? days - 100' c 

Heat e q o s u r e  Original  

270 (1.86 x lo6) 1390  (9.59 x 10 ) 6 320 (2.21 x 10 6 ) unsat isfactory unset isfactory Ethylene  propylene 
copolymer 

-. 

Polyisoprene 

Polyester  urethane 

Dimethyl RTV 
s i l i c o n e  

~ ~~ 

unsat isfactory unsat isfactory 

darkened 

sa t i s f ac to ry  

~ 

5780 (3.99 X 107) 570  (3.93 X lo6) 

615 (4.2b x lo6) 

700 (4.83 x loG)  

550 (3.86 x lo6) 

s l igh t   c r az ing  

s a t i s f a c t o r y  744 (5.12 x 106) 

- i 

c 



Specimen 2.75 j.1;. 

(0.0'; E) 

1 

"". "i 
Thick1:ess 
i n .  ( C J ? ~ )  Nwjtber of f lex cycles 
""P t" "II_ 
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Reinforc emenL mate r i a l  
(-finish  and t n e  g l a s s  j 

Glass(’) (9014) 

Glass (10111.-s) 

Glass (1026-~) 

Glass (801 -E) 

G l a s s  (902 -E) 

Glass (8104) 

Glass (711 -E) 

Glass (lo3 -E) 

Polyes te r (2)  

~ t e e 1 . ( 3 )  

Origimal 

5.3  (23.6) 

I+ .g (21.8) 

3.1 (13.8) 

3.0 (13.3) 

2-9 (12.9) 

2.3 (10.3) 

2.2 (9.8) 

1.3  (5.8) 

6.9 (30.7) 

6.3 (28.0) 

(1) All glass   f i l aments  were G size  (0.000j8-inch 

(2) 0.010-inch (0.02311 cm) diameter  f i lament.  
(0.00097 cm) diameter) .  

. ( 3 )  0.004-inch (0.0102 cm) diameter  wire. 
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Mat r i x 

Sil icone 

Si l icone 

Si l iconc 

i 
I 

Sil icone 

Si l icone 

Si l icone 

Si l icone 

Si1 i conc 

Si l iconc 

PolyuTethane 

Si l icone 

Si l icone 

Si l iconc 

Si l icone 

Polyurethane 

Reinforcement 

S-glass" 

s-glacs 

S-glass 

s-,gzss 

S-glass 

S-glass 

S-glass 

$-Glass 

S-glass 

S-glass 

S-glass 

S-glass 

St eel * 

S-glass 

S-glass 

Girth 

4 

2 

2 
1'1 

4 
4 

2 
2 

4 
4 

16 

4 
4 

16 

1 4  
2 

14 
2 

2 
6 

2 
2 

2 

4 

*$-go1 glass filriments. 
**O.Odt-in. ( -01 cm) diameter steel v i r e .  

1-inch (2.54 c m ) q  

Pat tern NuFiber 1 

Axial 
~~ 

I;  

2 

2 
6 

4 
4 

2 
2 

4 
4 

1G 

4 
4 

1G 

2 
6 

2 
6 

4 
2 

2 
2 

2 

4 

- 
Girth 
- 

4 0  

80 

60 
1 

20 
8 

60 
a 

a 27 

9 

15 
G 

6 

65 
1 

69 
1 

40 
1 

60 

80 

35 

8 

- 

b : i d  

80 

80 

92 

56 

88 

72 

80 

41; 

4 8  

70 

70 

44 

ao 

80 

72 

0.151 

0.181 

0.194 

0.160 

. 0.171 

0.92 

1 .I]: 

1 .2't 

0.92 

1.02 

1 

p- 1-inch (2.54 c n ) l  

1111111 1 1 1 1 1 1 1  
6 0 .  60 60 

Pattern Number 3 

- ." .,---.-_.. -.n7"""- . "--"-rrc"""" . - - 



A .  Blurr : iness   (dis tor t ion)  

1. No d i s t o r t i o n  

3 .  Blurred but s t i l l  comfortable 

5. Highly  distorted,  unco~nfortable 

B. AlxLlity t o  Focus 

1. Eyes focus  imnediately 

3 .  Strands change focus  but still co~nfortable 

5. Strands  interfere   with  focusing 

C . Readabi l i ty  

1. Reading c l e a r  - minimum of  magnirication  disturbance 

3. Let t e r s  change magnif icati_on  but still comfortable 

3 .  Reading moves with eye movement (high  degree of magnification  change) 



I 

Panel No. 

1 

2 

3 

4 

5 

6 

9 

13 

Human factors opLica1. t e s t  (p1:essm.ize.d '( p s i  (46,300 M/n2)) 

3 -0 

2 - 5  

2.5 

Smallest l e g i b l e  
p r h t  s i z e ,  
i n .  (po in ts )  

0.30 (14)  

0.156 (17.)  

0.156 (11) 

0.0937 (6) 

0.30 (14) 

0.156 (11) 

0.156 (11) 

0.0937 ( 6 )  



Dimethyl RTV s i l i conc ,  unreinforced 

Pol.yester urethane, unrcinforced 

Panel 1 

Panel 2 

Panel 3 

Panel 4 

Panel 5 

Orig ina l  

10.7 

0.23 

6.1, 

6.7 

14 .2  

10.7 

4.5 

Heat exposure, 
7 days - 1000 C 

10 .4  

0.29 

1 

(1) For  descr ipt ion of re inforced  panels see  table  4. 
(2)  Gas composed of 95 percent  helium, 5 percent oxygen. 



Lunar Shel te r  

I 

I 

r 

! 

Expandable  Experiment Module 

Expandable Airlock 

Figure 1.- Expandable s t ruc tures   appl ica t ion  for f l e x i b l e  window. 
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Girth reinforcement 

transparent matrix 

Figure 2 .  - Flexible window model. 
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c, 
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10,390 

7- Infrere t - 

100,000 

Figure 3 . -  Percent   incident   l ight   t ransmission versus wavelength for 
polymeric  specinen. 
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Without  specimen  Unreinforced  silicone 

Fiberglass  - s i l i c o n e  Fiberglass  - s i l i c o n e  
panel 6 panel 11 

3 
"" 

I 

Unreinforced  Polyester  Steel  - s i l i c o c e  
panel 13 

Fiberglass  - s i l i c o n e  Fiberglass  - s i l i c o n e  
panel 7 panel 9 

Figure 4 . -  Photographic t e s t  of  materials  and  reinforcement  patterns.  
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Adhesive  attachment  Mechanical  attachment 

Figure 5 .- Window attachment  designs. 
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Figure 6. - Photographs showing fabrication  techniques  for  making  window. 
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Adhesive  attachment  Nechanical  attachment 

Figure 7. - Four-foot- (1.22 m)  diameter  test  fixture  with  adhesive  and  mechanical 
window  attachments . 
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Flexible   pressure  vessel   wi th   Flexible  window 
reinforced  opening 

Figure 8.- Flexible  f i lament wound pressure   vesse l  and window. 
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Figure 9. - Window folding  demonstration. 




